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a result, writing a 100 by 100 mm2 area requires
only 400 printing cycles (less than 0.5 s for each
cycle), and the total time required to generate 100
duplicates of the circuit is ~2 hours. Re-inking of
the pen array is not necessary because the PDMS
behaves as a reservoir for the ink throughout the
experiment (28, 29). This relatively high-throughput
production of multiscale patterns would be diffi-
cult, if not impossible, to do by EBL or DPN.
The force dependence and maskless nature of
PPL allow many structural variants to be created
without the hurdle of designing a new master by
a throughput-impeded serial process. In addition,
PPL can be used with sub-100-nm resolution
with the registration capabilities of a closed-loop
scanner. For example, PPL was used to generate
15,000 replicas of the 2008 Beijing Olympic
logo on gold with MHA as the ink and sub-
sequent wet chemical etching (Fig. 3A). Each
logo was generated using the multiscale capa-
bilities of PPL from a 70 by 60 mm2 bitmap. The
letters and numbers “Beijing 2008” were gen-
erated from ~20,000 90-nm dots (initial contact),
whereas the picture and Olympic rings were
made from ~4,000 600-nm dots at higher array-
substrate contact forces (relative piezo extension =
1 mm). These structures were created by holding
the pen array at each spot for 0.05 s and traveling
between spots at a speed of 60 mm/s. A represent-
ative portion of the ~15,000 replicas (yield > 99%)
generated across the 1-cm2 substrate shows their
uniformity (Fig. 3B). The total time required to fab-
ricate all of these structures was less than 40 min.
The time- and force-dependent ink transport
properties of the polymer pen pyramid arrays
provide a tunability to PPL that may allow other
patterning capabilities to be developed. Because
PPL is a direct-write technique, it is also ideal for
fabricating arrays of structures made of soft mat-
ter, such as proteins (fig. S5) (27), making it po-
tentially useful in the life sciences as well.
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4D Electron Diffraction Reveals
Correlated Unidirectional Behavior in
Zinc Oxide Nanowires
Ding-Shyue Yang, Changshi Lao, Ahmed H. Zewail*
The confined electronic structure of nanoscale materials has increasingly been shown to induce
behavior quite distinct from that of bulk analogs. Direct atomic-scale visualization of nanowires of
zinc oxide was achieved through their unique pancake-type diffraction by using four-dimensional
(4D) ultrafast electron crystallography. After electronic excitation of this wide-gap photonic
material, the wires were found to exhibit colossal expansions, two orders of magnitude higher than
that expected at thermal equilibrium; the expansion is highly anisotropic, a quasi–one-dimensional
behavior, and is facilitated by the induced antibonding character. By reducing the density of
nanowires, the expansions reach even larger values and occur at shorter times, suggesting a
decrease of the structural constraint in transient atomic motions. This unanticipated ultrafast
carrier-driven expansion highlights the optoelectronic consequences of nanoscale morphologies.
Major changes in the physical, chemical,or optical properties of a substance canoccur as a result of shrinking dimen-
sion and changing morphology down to the
nanometer scale, primarily because of quantum
confinement and surface effects. Quantum dots
and nanotubes are examples of such structures,
which have the potential for a variety of appli-
cations [for reviews, see (1–7)]. Among the
materials that show promising features for
optoelectronics, such as blue-green laser diodes
and photonic devices, the wide-gap semicon-
ductor zinc oxide (ZnO) has been one of the
most-investigated nanowire materials (8, 9). At
the nanoscale, design of such structures requires
fundamental understanding of electronic and
nuclear degrees of freedom in the unique nano-
wire architecture because they control the ef-
fective carrier mobility and properties along the
wires. With optical methods [for a review, see
(10)], the transient response can be probed, but,
because of the wavelengths involved, the atomic-
scale structural changes are not determined;
electrons of the appropriate wavelength provide
the means for the visualization of both.
We report visualization of the structure and
dynamics of vertically aligned ZnO nanowires
with use of time-resolved electron crystallogra-
phy. The nanowire array was synthesized via a
bottom-up process of physical vapor deposition
(11). A single-crystal sapphire of ð1120Þ surface
with a 100-nm GaN layer (grown by metal-
organic chemical vapor deposition) was used as
the collection substrate. Reaction parameters
such as the chamber pressure and temperature
and the gas flow rate were varied to obtain the
nanowires, which were supported by an ~2-mm
layer of ZnO on the substrate, as a vertically
aligned array. As shown in Fig. 1, A and B, the
wires have an average diameter of ~150 nm, a
length of ~2 mm, and an average spacing of ~300
nm. We also studied nanowires prepared by an
entirely differentmethod [hydrothermal synthesis
(12)], and for this case the density of wires is
notably lower, as seen in Fig. 1C. Both specimens
were characterized by scanning electron microsco-
py (SEM) (Fig. 1, A and C); transmission electron
microscopy and x-ray diffraction measurements
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have also been used to characterize the products
of the two aforementioned methods (11, 12).
Electron packets at near-grazing angles (qin =
2.7°) were invoked in our ultrafast electron crys-
tallography apparatus (fig. S1) (13, 14). A heat-
ing pulse preceded in time the electron packet
and was used to excite the carriers of the wires.
Frames of the far-field diffraction were recorded
at different delay times and with a tilted geometry
(for velocity mismatch compensation), which
enabled the reported spatiotemporal resolution
(15–18); see supporting online material (SOM)
for details. From the observed intensities, posi-
tions, and widths of the Bragg diffractions, we
obtained the change of atomic positions with
time, the structural factor, and the transient
inhomogeneity in the wires. By varying the
fluence, the influence of carrier density on
structural dynamics was examined and, in this
case, the wires were directly excited. The
maximum optical fluence applied was 22.5 mJ
cm–2 (19). Lastly, by using two arrays of
nanowires, the effect of their packing density on
the substrate was elucidated.
The static structure of the ZnO nanowires
without the optical excitation was determined by
recording the diffraction patterns at different
incidence angles (rocking curves); patterns of
two zone axes are given in Fig. 2, A and B. With
the electron beam propagating along the [110]
direction, the patterns consist of both the Bragg
spots and the first-order-Laue-zone (FOLZ)
diffractions (20), and all have horizontally
elongated (“pancake”) shapes, as seen in Fig.
2A. With a 30° rotation of the specimen, the
electron beam becomes directed along the [100]
axis, and we only observe the Bragg spots at a
larger incidence angle; this is because the FOLZ
diffractions are out of the camera region (Fig.
2B). The spacings between the diffraction spots
(from the center of the pancakes) translate to
the lattice constants of a = b = 3.25(0) Å and c =
5.20(8) Å, entirely consistent with the values for
a wurtzite structure of ZnO crystals obtained by
x-ray diffraction and calculations (10, 21).
The pancake horizontal shape of the Bragg
spots (Fig. 2, A and B insets) is distinct from the
spots seen in bulk crystal diffraction and mirrors
the hexagonal nanostructured wire. Because of
the wires’ nanoscale geometry and the attractive
inner potential, VI, inside the material, the dif-
fracted electron beam is refracted and gives rise
to a horizontal spread. Quantitatively, this
geometry effect can be described by considering
the analog of Snell’s law in optics (22), giving
sin qvac ¼ ð1þ eVI=EkÞ1=2sin qI ð1Þ
where qvac and qI are, respectively, the angles
in the vacuum and inside the wires, with respect
Physical Biology Center for Ultrafast Science and Technol-
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Fig. 1. Scanning electron micrographs and structure of ZnO nanowires. (A) The SEM image of the
array fabricated through physical vapor deposition. The high-density wires are vertically aligned.
Gold nanoparticles may be present dispersively as a result of the catalyst-assisted synthesis (11).
(B) The structure (from the known inorganic crystal structure database) together with a schematic
showing the average diameter and length of a single wire, the average spacing between wires, and
the layer composition below the ZnO array sample. (C) The SEM image of the array fabricated
through hydrothermal synthesis. The vertically aligned wires are thicker, on the average, and form
an array with a much lower density. No gold nanoparticles are present in the nanowires because a
metallic catalyst is not required for this wet-chemistry synthesis method (12).
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Fig. 2. Pancake-type diffraction and the shape effect of nanowires. The diffraction patterns were
obtained at an incidence angle of qin = 2.75°, with the electron beam propagating along the [110]
direction (A) and the [100] direction (B). From the well-indexed Bragg spots and FOLZ diffractions,
the wurtzite ZnO structure is determined; the undiffracted (unblocked) electrons form the (000)
spot. The insets show the enlarged horizontal width of the (006) Bragg spot. (C) Refraction of the
probing electrons at the vacuum-material interface and the overall beam deflection caused by the
different orientations and geometries of a nanowire (top view).
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to the surface normal, and Ek is the kinetic ener-
gy of the incident electron, which in our case is
30 keV. In general, when the surface layers are
perfectly parallel and eVI << Ek, as in typical
ultrafast electron crystallography experiments
(14, 16–18), this effect is negligible, but for the
nanowires the situation is different (Fig. 2C),
and the refraction can be invoked to obtain the
geometry of the wires (23).
For a hexagonal wire, with the two orienta-
tions of 30° rotation difference (Fig. 2C, left and
middle), there are two angles of deflection,
ffiffiffi
3
p
VI=Ek and VI=
ffiffiffi
3
p
Ek. Thus, the intensity pro-
file of the pancake is the sum of the contributions
from the center and the two sides of the hexagon.
For a cylindrical wire (Fig. 2C, right), the
intensity profile is determined by the deflections,
tan qvacðVI=EkÞ, with a width that resembles the
case shown on the left of Fig. 2C. The difference
between the two geometries is easy to discern: if
circular, the rotation of the nanostructure would
give no variation in the horizontal spot width,
which is inconsistent with the experimental
observation. For ZnO, VI is 15.9 V (24). With
the camera being 16.8 cm away from the
nanowires, additional diffraction intensities near
T0.92 mrad (Fig. 2C, left) and T0.31 mrad (Fig.
2C, middle) result in the horizontal spread from
the spot center. Accordingly, this shape effect
properly accounts for the observations made for
the two zone axes (Fig. 2, A and B). Moreover,
from the fact that the probing direction in Fig. 2A
is [110] we determine the facets of nanowires to
be of {110}, which is again consistent with the
preferential growth (11). It should be noted that
the vertical spot width did not increase, a
consequence of the unique elongated geometry.
Structural dynamics of the wires were obtained
from the diffraction frames at different delay times
after the optical excitation. The intensity decrease
and the vertical spot movement for each Bragg
spot were evident in the diffraction. Whereas all of
the diffraction spotsmove downward at early times
and recover the original positions at longer times,
the unblocked (undiffracted) direct beam did not
change, thus eliminating the possibility of surface
charging or surface potential change at all flu-
ences used (fig. S2A). Quantitative analysis was
carried out by fitting the vertical and horizontal
intensity profiles of Bragg spots with a pseudo-
Voigt function, yielding temporal evolution pro-
files not only of the spot intensities and positions
but also of the widths (14); see SOM and fig.
S2B. The results are presented in Figs. 3 and 4.
Typical behavior is shown for the (006) Bragg
spot: Whereas the intensity and vertical width are
very similar in behavior and nearly recover (Fig.
3A) in only 200 ps, the rise of expansion along the
c axis is delayed in time by ~15 ps and decays on
a much longer time scale, reaching completion in
about 1 ns.
The fluence dependence of the expansion,
intensity, and width indicates the role of the
(electron-hole) carriers.When themaximum c-axis
expansion is plotted as a function of fluence in a
log-log plot, the dependence follows a linear rela-
tionship with a slope value of 2.5 (Fig. 3B, inset).
The energy of the exciting photon is less than half
of the energy gap of ZnO (3.37 eV) (10, 21) and
also less than half of the energy gap of wurtzite
GaN (3.44 eV) (11). Thus, the carriers are gen-
erated in the ZnO nanowires by energetically
allowed three-photon excitation (3PA) and/or by
enhanced two-photon absorption (2PA), both of
which are due to the geometry of the nanostruc-
ture. When the experiments were repeated on a
single-crystal ZnO sample (0.5 mm thick) at the
highest fluence, we failed to observe diffraction
changes, suggesting a significant change in the
band gap/carrier density in the wires (25). Ener-
getically, the excitation by 2PA generates carriers
of somewhat lower energy than the band gap in
the G region, where the momentum is zero; by
3PA, the above-gap excitation becomes possible
(21) in the G−M(K) regions with momentum
along 〈110〉 (〈100〉).
The change of the expansion, intensity, and
width at different fluences rises after the zero of
time and reaches the maximum value nearly at
the same time, also consistent with the fact that
the wires were directly excited and not heated
through a substrate with energy transport through
the wire. For the intensity and width t1/2 = 17 ps
and for the expansion t1/2 = 32 ps, where t1/2 is
the time at half-maximum, and the error is T2 ps
(SOM). The in-plane component of the nano-
wire, the horizontal lattice expansion derived
from the change in the horizontal spacing be-
tween ð114Þ and ð114Þ spots, is much smaller
and only noticeable at the highest fluence, with a
significantly faster recovery time (Fig. 4A). The
intensity change of ð114Þ and ð114Þ spots share a
similar temporal evolution with that of the (006)
spot but are shifted to earlier time by ~5 ps (Fig.
4B). Lastly, as noted in Fig. 4C, the c-axis
expansion is higher in amplitude for the low-
density array and rises faster than the rate ob-
served for the high-density array.
From the results presented for structure,
dynamics, and fluence and density dependences,
the following picture emerges. The wires display
correlated, nonequilibrium behavior in that the
behavior is anisotropically driven by the potential
of the carriers generated by the excitation, that is,
by the electronic change in bonding. Thermal
expansion of the material [with the coefficient
ac = 2.49 × 10
−6 K−1 (21)] would give Dc/c ~ 2 ×
10−4 (DT ~ 80 K), which is two orders of mag-
nitude smaller than the observed values. At the
highest fluence used, the observed expansion of
1 to 2% would correspond to a temperature rise
c
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Fig. 3. Structural dynamics. Changes of the c-axis expansion, diffraction intensity, and vertical width of
the (006) Bragg spot with time and at different excitation fluences. All solid lines are fits to the data (see
text and SOM). (A) The intensity decrease (blue dots) and width increase (green dots) behave similarly and
precede the buildup of structural expansion (red dots). In ~200 ps the former two diffraction features almost
recover the original values, whereas the decay of expansion appears on a longer time (ns) scale. (B) A
significantly larger c-axis expansion was obtained at higher excitation fluences. The fitted slope in the log-
log plot (inset) indicates that the maximum expansion is proportional to the fluence to the power of 2.5. At
all fluences, however, the expanded nanowires nearly return to their original structure in ~1 ns. (C andD)
A more significant intensity decrease and a larger vertical width increase were observed after a stronger
excitation. At the lowest fluence used, however, no appreciable diffraction changes were observed.
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of 4000 to 8000 K, far beyond the decomposition
temperature of 1975 K (21). In other words, the
dynamics are not controlled by a thermal-like,
incoherent expansion resulting from bonding an-
harmonicity but instead by the buildup of am-
plitudes because of the collective motions of
atoms in the wire.
In a one-dimensional model, which considers
the influence of a force induced by the excitation
field, we can calculate the diffraction resulting
from wavelike atomic motions in the wires. The
speed of sound along the c axis in ZnO is 6200m
s–1, and over the length of the wire (2 mm) we
would expect a round-trip wave recurrence of
650 ps if the force field is impulsive [see figure
2b in (26)], contrary to what was observed.
Instead, we observed a buildup of the expansion
and gradual recovery on a longer time scale (Fig.
3B), a behavior that is obtainable when a sus-
taining excitation force field is operative [see
figure 4a in (26)]. This sustaining force is the
result of carriers’ persistence and the potential
they generate over the excitation length, in this
case of micrometer scale (14).
The anisotropic expansion reflects an induced
antibonding character along the wire direction.
Because the initial carrier generation is near G (by
2PA) and in the in-plane G−M(K) region (by
3PA), carrier-carrier scattering becomes neces-
sary in order to reach the G−A region along the
wire z direction (the Zn–O bonding). As a result,
the maximum vertical expansion lags in time the
change of both the intensity and width. Besides
the temporal behavior discussed, several obser-
vations support this conclusion. First, the restruc-
turing for the expansion occurs on a much longer
time scale than those of the intensity and width,
and it is similar to the decay time of photo-
luminescence (radiative recombination) of ~1 to
2 ns (27). Second, the horizontal expansion is
absent at lower fluences and at our highest flu-
ence changes on a much shorter time scale (Fig.
4A). Lastly, as the excitation fluence increases,
the density of carriers increases, leading to the
observed larger longitudinal expansion (28).
When these different sets of experiments
were repeated on the low-density nanowire array
(Fig. 4, C and D), we observed similar behavior
to that of the high-density array but with the
largest expansion reaching as much as 2% and
occurring at earlier times. These observations
suggest that, in the low-density materials, the
nanowires are more free to collectively expand,
reaching a nonequilibrium effective “temperature”
of 8000 K through the electronic potential change
of carriers that weaken the Zn–O bonding.
Modeling of the electronic-nuclear coupling may
quantify this behavior. Although the average sepa-
ration between wires is 300 nm in the high-density
array, the inhomogeneity in distribution (clustering)
becomes essential to the extent of the expansion.
Visualization of atomic motions during struc-
tural change reveals the direct role of electron-
nuclear correlations that ultimately control the
behavior of macroscopic phenomena, such as the
optoelectronic effect in zinc oxide. The unexpected
material behavior reported here for confined nano-
structures is unobservable when the studies are
made in the equilibrium state. Onlywhen observed
with atomic-scale spatial and femtosecond tempo-
ral resolutions can we acquire fundamental under-
standing of structural perturbations and relaxations
for different optical and chemical dopings and
hence the optimization of function at the nanoscale.
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Chondrulelike Objects in
Short-Period Comet 81P/Wild 2
Tomoki Nakamura,1* Takaaki Noguchi,2 Akira Tsuchiyama,3 Takayuki Ushikubo,4
Noriko T. Kita,4 John W. Valley,4 Michael E. Zolensky,5 Yuki Kakazu,1 Kanako Sakamoto,1
Etsuko Mashio,3 Kentaro Uesugi,6 Tsukasa Nakano7
The Stardust spacecraft returned cometary samples that contain crystalline material, but the
origin of the material is not yet well understood. We found four crystalline particles from
comet 81P/Wild 2 that were apparently formed by flash-melting at a high temperature and are
texturally, mineralogically, and compositionally similar to chondrules. Chondrules are
submillimeter particles that dominate chondrites and are believed to have formed in the inner
solar nebula. The comet particles show oxygen isotope compositions similar to chondrules in
carbonaceous chondrites that compose the middle-to-outer asteroid belt. The presence of the
chondrulelike objects in the comet suggests that chondrules have been transported out to the cold
outer solar nebula and spread widely over the early solar system.
Manysmall particleswere recovered fromthe Jupiter-family short-period comet81P/Wild 2 by the Stardust mission (1).
The particles are thought to represent dust that
was present in the outer regions of the early solar
systemwhere Kuiper belt objects, the predecessor
of short-period comets, presumably formed. The
comet Wild 2, now orbiting between Mars and
Jupiter, had a wider orbit reaching the Kuiper belt
[30 to 50 astronomical units (AU) from the Sun]
before 1974 (2). Asteroids are principally located
much closer (3 to 5 AU) to the Sun and are pre-
sumed to be the parent bodies of the primitive
class of meteorites, chondrites. These are mostly
[up to 80% (3, 4)] made up of chondrules, which
were formed in the solar nebula around 4.565
billion years ago (5) by multiple episodes of total
or partial melting of preexisting solid particles
typically smaller than 1 mm in diameter. Here, we
Fig. 1. Mineralogical, textural, and isotopic features of Torajiro. (A) Back-
scattered electron (BSE) image of a cross section showing a porphyritic texture.
Vesiculate melted aerogel is present with a sharp contact with Torajiro, indicating
that Torajiro itself was not melted during the hypervelocity impact into aerogel.
Gl, glass; K, kamacite; Ol, olivine; Px, low-Ca pyroxene; Sp, Cr-spinel; Si, silica
aerogel; and GF, glass fiber holding the particle. (B) BSE image showing spots
analyzed with ion microprobe for oxygen isotope ratios. We made two sets of line
analysis at 3-mm intervals by using a small Cs+ beam 2 mm in diameter. (C) Oxygen
isotope ratios of olivine and low-Ca pyroxene. The data point numbers correspond to
those in (B). Compositional fields of chondrules in various chondrites, including
enstatite (E) (17), ordinary (O) (15), and rumuruti (R) (16); carbonaceous (C) (19,20)
chondrites are also shown for comparison. The Sun symbol indicates the oxygen
composition of the Sun (31). TF, terrestrial fractionation line; CCAM,
carbonaceous chondrite anhydrous mixing line. Error bars represent T2 SD.
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